Abstract | Cardiovascular problems are a major cause of morbidity and mortality in patients with autosomaldominant polycystic kidney disease (ADPKD). Hypertension is a common early symptom of ADPKD, and occurs in approximately 60% of patients before renal function has become impaired. Hypertension is associated with an increased rate of progression to end-stage renal disease and is the most important potentially treatable variable in ADPKD. Left ventricular hypertrophy, which is a powerful, independent risk factor for cardiovascular morbidity and mortality, also occurs frequently in patients with ADPKD. Both hypertension and left ventricular hypertrophy have important roles in cardiovascular complications in these individuals. Moreover, biventricular diastolic dysfunction, endothelial dysfunction, increased carotid intima-media thickness, and impaired coronary flow velocity reserve are present even in young patients with ADPKD who have normal blood pressure and well-preserved renal function. These findings suggest that cardiovascular involvement starts very early in the course of ADPKD. intracranial and extracranial aneurysms and cardiac valvular defects are other potential cardiovascular problems in patients with ADPKD. early diagnosis and treatment of hypertension, with drugs that block the renin-angiotensin-aldosterone system, has the potential to decrease the cardiovascular complications and slow the progression of renal disease in ADPKD.
Introduction autosomal-dominant polycystic kidney disease (aDPKD) is the most common inherited renal disease, and occurs in 1 of 400-1,000 individuals.
1 its prevalence is higher than that of Huntington disease, hemophilia, sickle cell disease, cystic fibrosis, myotonic dystrophy and Down syndrome combined.
2 aDPKD is genetically heterogeneous; two genes-PKD1 and PKD2-are implicated in its development. 1 the disease is character ized by renal and extrarenal involvement with cystic and noncystic manifestations. with the availability of renal replacement therapies for patients with end-stage renal disease (esrD), cardiovascular complications have emerged as a major cause of death in patients with aDPKD. 3, 4 Hypertension is a common early finding and can be the symptom that leads to the diagnosis of aDPKD. 5, 6 Hypertension is also associated with a rapid progression to esrD and increased cardiovascular complica tions. 7 left ventricular hypertrophy (lvH), which is an important risk factor for premature cardio vascular death, occurs frequently in patients with aDPKD. 8 aneurysms and cardiac valvular abnormalities are other cardiovascular manifestations of this disease. this review focuses on the cardiovascular problems of patients with aDPKD.
Hypertension
Hypertension is very common in aDPKD, and occurs in 50-70% of patients before any substantial reduction in glomerular filtration rate is observed. 5, 6 Furthermore, hypertension occurs at a much earlier age in patients with aDPKD than in the general population. 9 the median age at diagnosis of hypertension in aDPKD was 32 years for males and 34 years for females, 10 compared with a median age of 45-55 years in patients with essential hyper tension. studies have reported that hypertension occurs in 20-30% of children with aDPKD. [11] [12] [13] [14] moreover, schrier et al. 10 demonstrated that the likelihood of hypertension in both men and women with aDPKD was significantly greater when the affected parent was hypertensive. thus, the presence of hypertension in the aDPKD-affected parent of a patient with aDPKD should alert the clinician to the need for early detection and treatment of hypertension.
role of the renin-angiotensin-aldosterone system renal structural changes have an important role in the pathogenesis of hypertension in patients with aDPKD. Gabow et al. 15 reported that adult patients with aDPKD and hypertension had significantly greater renal volume than patients with normal blood pressure. this relationship between hypertension and cystic involvement also exists in children with aDPKD. 12 these findings suggest that activation of the renin-angiotensin-aldosterone system (raas) as a result of cyst expansion and local renal ischemia has an important role in the development of hypertension in this disease. immunohistochemical www.nature.com/nrneph reviews studies of nephrectomy specimens from patients with aDPKD have shown hyperplasia of renin-secreting cells of the juxtaglomerular apparatus, which suggests chronic stimulation of the raas is present. 16 in addition, high levels of renin were found in cyst fluid obtained from patients with aDPKD. 17 loghman-adham et al. 18 showed that other components of the raas, including angiotensinogen, angiotensin-converting enzyme (aCe), angiotensin ii receptor and angiotensin ii peptide were also present in the cysts and dilated tubules of aDPKD kidneys. activation of the raas in aDPKD has been confirmed by the demonstration that plasma renin activity and aldosterone concentrations in the supine and upright positions, as well as after captopril administration, are greater in patients with aDPKD, hypertension and normal renal function than in patients with essential hypertension who are of the same age, sex, body surface area, sodium excretion, renal function and mean arterial pressure.
19 studies have also shown that administration of aCe inhibitors decreases mean arterial pressure, renal vascular resistance and filtration fraction significantly more in hypertensive patients with aDPKD than in healthy controls with normal blood pressure. [19] [20] [21] Doulton et al. 22 reported that blood pressure and hormonal responses of the raas after high and low sodium intake and after the administration of the aCe inhibitor enalapril were not different in hypertensive patients with aDPKD and in controls with essential hypertension. these results suggest that the intrarenal raas might be more important than the circulating raas in the develop ment of hypertension in patients with aDPKD.
to investigate the early hemodynamic abnormalities of aDPKD, Harrap et al. 23 studied adult patients with normal blood pressure and well-preserved renal function. total exchangeable sodium, plasma renin activity and plasma aldosterone levels were significantly higher in these patients than in family members of the same age and sex. similarly, Barrett et al. 24 reported that during chronically high sodium intake, plasma renin activity was higher in patients with aDPKD who had normal blood pressure and creati nine clearance greater 25 investigated the natriuretic response to plasma volume expansion in patients with aDPKD who had normal renal function. these investigators found that the blood pressure-natriuresis regression line was significantly shifted to the right compared with that of unaffected control individuals, which indicated that the sodium balance was maintained at the cost of increased blood pressure. in this study, plasma renin activity was not suppressed in response to plasma volume expansion, again suggesting that raas activity was increased.
roles of other factors although activation of the raas seems to have a major role in the pathogenesis of hypertension in aDPKD, other factors might also be involved ( Figure 1 ). Klein et al. 26 demonstrated that muscle sympathetic nerve activity was increased in hypertensive patients with aDPKD regardless of renal function, which suggests that sympathetic hyperactivity could contribute to the pathogenesis of hypertension in this disease. of note, the raas is stimulated by increased sympathetic activity, and angiotensin stimulates the sympathetic nervous system. Plasma vasopressin levels correlate with blood pressure levels in salt-sensitive forms of human and experimental hypertension.
27-29 since plasma vasopressin concen trations are increased in patients with aDPKD, vasopressin could also contribute to the development of hypertension in this disease; 29, 30 however, this theory remains to be proven. the cystic epithelium of kidney sections from patients with aDPKD exhibits increased expression of endothelin 1.
31 endothelin 1 is also found in the cyst fluid. 32 Patients with aDPKD have higher plasma levels of endothelin 1 than do healthy controls and patients with essential hypertension. 33 moreover, endotheliumdependent relaxation is impaired and endothelial nitric oxide synthase activity is decreased in patients with aDPKD. 34, 35 these findings suggest that endothelial dysfunction secondary to impaired release of nitric oxide exists in these patients. an imbalance in endotheliumderived vasoactive mediators (that is, endothelin and nitric oxide) might, therefore, contribute to the pathogenesis of hypertension in aDPKD. 36, 37 in a 2008 study, wang et al. 38 investigated asymmetric dimethylarginine (aDma) as a marker of nitric oxide synthase inhibition and the lipid peroxidation product 13-hydroxyoctadecadienoic acid as a marker of oxidative stress in patients with early aDPKD. the investi gators found that these patients had significantly increased plasma aDma and plasma 13-hydroxyoctadecadienoic acid levels and significantly decreased urinary clearance of aDma compared with healthy controls. reviews Demonstration of endothelial dysfunction and increased carotid intima-media thickness in both hypertensive and normotensive patients with aDPKD and well-preserved renal function shows that atherosclerosis starts very early in the course of this disease. 39 the findings of early-onset endothelial dys function mentioned above were confirmed by a study that reported decreased coronary flow velocity reservewhich represents the capacity of the coronary circulation to dilate after an increase in myocardial oxygen demand-in both hypertensive and normotensive patients with aDPKD. 40 Furthermore, Borresen et al. 41 investigated arterial stiffness in early aDPKD by pulsewave analysis and measurement of pulse-wave velocity. they found that pulse-wave reflection was amplified even in young patients with aDPKD who have normal blood pressure and renal function, which demonstrates that pathological changes in the arterial system occur early in the course of disease. the protein products of PKD1 and PKD2, poly cystin 1 and polycystin 2, are expressed in vascular smooth muscle and endothelium. 42, 43 thus, primary disruption of polycystin function in blood vessels could also be responsible for the early development of hypertension and renal vascular remodeling in patients with aDPKD.
Left ventricular hypertrophy
lvH is a powerful independent risk factor for cardiovascular morbidity and mortality. 44 Chapman et al. 8 reported that 48% of hypertensive patients with aDPKD had this condition. increased left ventricular mass index (lvmi) is associated with poor renal and overall outcomes in these patients. 7 a significant correlation between hypertension and lvmi has been demonstrated in both children and adults with aDPKD.
13,44-47 a 2008 study of 85 children with aDPKD revealed that even children whose blood pressure was within the upper quartile of the normal range had a significantly greater lvmi than those with lower blood pressure. 47 other studies have also reported increased lvmi in normotensive patients with aDPKD. 8, 48 Bardaji et al. 49 reported that young aDPKD patients with normal blood pressure and preserved renal function had increased lvmis and Doppler abnormalities consistent with early diastolic dysfunction. moreover, oflaz et al. 50 showed that biventricular diastolic dysfunction was present in both hypertensive and normotensive patients with aDPKD and well-preserved renal function.
Patients with hypertension whose blood pressure remains elevated at night ('non-dippers') show higher lvmi than those whose blood pressure falls ('dippers'). 51 thus, ambulatory blood pressure measurement is important to evaluate the cardiovascular risk of these patients. li Kam wa et al. 52 demonstrated that patients with aDPKD, hypertension and normal renal function or mild renal impairment exhibited a significantly lower nocturnal fall in blood pressure than patients with essential hypertension. moreover, valero et al. 53 reported that the nocturnal fall in blood pressure was attenuated even in young patients with aDPKD who did not have hypertension. in these patients, lvmi was elevated in proportion to the ambulatory systolic blood pressure. several other studies also showed a significant association between ambulatory blood pressure and lvmi in young, normotensive patients with aDPKD. 54, 55 such patients show an exaggerated diastolic blood pressure response during exercise, which suggests that they have an impaired capacity for exercise-induced vasodilatation. this exaggerated response might indicate an increased risk of developing hypertension. 54 an association between insulin resistance and lvH has been reported. 56, 57 insulin resistance has been found in patients with aDPKD 58 and, therefore, lumiaho et al. 59 investigated whether this symptom, determined using the homeostasis model assessment method, was associated with lvmi in 106 patients with aDPKD type 1 (PKD1) and their 70 healthy relatives. the investigators found that insulin resistance was significantly associated with lvmi in both groups independent of other factors known to increase lvmi, such as age, weight, systolic blood pressure and albuminuria. thus, the stimulation of angiotensin ii 60 and the sympathetic nervous system 61 secondary to hyperinsulinemia might contribute to increased lvmi in patients with PKD1. an association between the deletion/deletion polymorphism of the ACE gene ( D/D genotype) and 
Renal disease and hypertension reviews increased lvmi has been reported in patients with essential hypertension 62 or type 2 diabetes mellitus. 63 the effects of ACE genetic polymorphisms on progression to esrD in patients with aDPKD are controversial. [64] [65] [66] [67] However, in a cross-sectional study that included 407 white patients with aDPKD, no significant association was found between ACE gene polymorphisms and the prevalence of lvH. 68 
Aneurysms
Patients with aDPKD have a greater prevalence of intracranial aneurysms than the general population (4.0-11.7% versus 1.0%).
69,70 ruptured intracranial aneurysms account for 4-7% of deaths in patients with aDPKD and such deaths occur at a younger age than in the general population. 71 aneurysmal involvement of extracranial arteries, such as the coronary arteries, abdominal aorta, renal artery and splenic artery has also been reported in patients with aDPKD. [72] [73] [74] other reported vascular manifestations of aDPKD are dolichoectasias (elongations and distentions of the arteries caused by weakening of the vessel walls) and dissections. 71 since polycystin 1 and polycystin 2 are both expressed in vascular smooth muscle cells, interactions of these proteins with a single pathway might have a role in the pathogenesis of aneurysms in aDPKD.
rupture of an intracranial aneurysm seems to cluster in certain families with aDPKD. 75 ,76 a family history of ruptured intracranial aneurysm, therefore, is an indication for screening imaging. Patients with a previous subarachnoid hemorrhage should also be screened. magnetic resonance angiography is currently the preferred screening technique. 77 if magnetic resonance angiography findings show intracranial aneurysm, follow-up imaging is indicated. 76 However, if the magnetic resonance angiography findings are negative, follow-up imaging is probably only necessary in patients who have a family history of a ruptured intracranial aneurysm.
77,78

Cardiac valvular abnormalities
Cardiac valvular abnormalities are common in patients with aDPKD. in a combined retrospective and prospective study of 62 patients with this disease, leier et al. 79 reported that 18% of the patients overall and 27% of the patients for whom autopsy findings were available had one or more cardiovascular abnormalities. Defects of the aortic root, annulus, and valve and the mitral valve were the predominant abnormalities. in a study of 163 patients with aDPKD, 26% had mitral valve prolapse, 31% had mitral incompetence, 8% had aortic incompetence, 15% had tricuspid incompetence and 6% had tri cuspid valve prolapse. 80 likewise, in a study of 228 patients with aDPKD, 25% had mitral valve prolapse, 30% had mitral incompetence, 5% had tricuspid valve prolapse and 19% had aortic regurgitation. 81 in an echocardiographic study, the prevalence of mitral valve prolapse among children with aDPKD was 12%, compared with 3% among unaffected children from the same families. 13 in another study, mitral valve prolapse was found in 28 of 109 patients (26%) with PKD1. 82 moreover, 13% of this cohort had hemodynamically significant (grade 2 or 3) mitral regurgitation. However, prevalences of other valve abnormalities in the aDPKD group were not significantly different from their prevalences in the healthy control group. although mitral valve prolapse seems to be a characteristic finding in patients with PKD1 mutations, mitral regurgitation can be secondary to elevated blood pressure. screening echocardio graphy is not indicated for patients with aDPKD unless a murmur is detected on examination.
Effects of antihypertensive treatment
early and effective treatment of hypertension is very important in patients with aDPKD to slow the progression of renal failure and prevent cardiovascular complications.
renal effects in the modification of Diet in renal Disease (mDrD) study, which included 200 patients with aDPKD, aggressive blood pressure control was not associated with a reduced rate of progressive glomerular filtration rate impairment compared with standard blood pressure control. 83 However, the difference in mean arterial pressure between the aggressive and standard blood pressure control groups was only 4.7 mmHg, rather than the treatment goal of 15 mmHg (92 mmHg versus 107 mmHg). moreover, the patients with aDPKD had advanced renal disease (glomerular filtration rate <55 ml/min/1.73 m 2 ), the average duration of follow-up was only 2.2 years, the type of antihypertensive therapy was not controlled, the structural progression of the kidney and heart abnormali ties was not assessed and cardiovascular events were not reported.
since the raas is activated in aDPKD and drugs that block the raas slow the progression of diabetic and nondiabetic kidney diseases, several studies have investi gated the renoprotective properties of these drugs in patients with aDPKD. in the angiotensin-converting-enzyme inhibition in Progressive renal insufficiency (aiPri) study, 64 patients with aDPKD were treated with the aCe inhibitor benazepril. 84 the investigators found that patients with glomerular diseases or diabetes mellitus benefited most from this treatment, and those with aDPKD benefited least. However, similar to the mDrD trial, the patients with aDPKD already had substantial renal impairment (mean baseline creatinine clearance was 43 ml/min) and the duration of the study was only 3 years. in a random ized, prospective, 5-year study of 24 patients with aDPKD who had well-preserved renal function, use of a long-acting calcium-channel blocker (amlodipine) to maintain blood pressure below 140/90 mmHg was associated with a similar decline in creatinine clearance to that achieved with an aCe inhibitor (enalapril). 85 However, only enalapril showed a sustained antialbuminuric effect. since increased urinary reviews protein excretion has been shown to correlate with an increased rate of renal progression in aDPKD, 86 aCe inhibitors might have kidney-protective effects in the long term.
in a study by van Dijk et al. 87 in patients with aDPKD who had well-preserved renal function, those with normal blood pressure were randomly assigned an aCe inhibitor (enalapril) or placebo and those with hypertension were randomly assigned enalapril or a β-blocker (atenolol); both groups were followed-up for 3 years. no difference in losses of renal function was detected between the cohorts. similarly, in a prospective, randomized, double-blind study by Zeltner et al. in hypertensive patients with aDPKD, 88 no differences in glomerular filtra tion rate, urinary albumin excretion or lvmi were observed between individuals who received the aCe inhibitor ramipril and those who received the β-blocker metoprolol, after 3 years of follow-up. However, a post hoc analysis showed that rigorous blood pressure control (target mean arterial pressure ≤97 mmHg) reduced urinary albumin excretion and prevented an increase in lvmi compared with standard blood pressure control (target mean arterial pressure >97 mmHg), which suggested that blood pressure control has a crucial role in slowing the progression of renal and cardiac damage in aDPKD.
an epidemiological study compared blood pressure control and renal survival over two separate periods, 1985-1992 and 1992-2001 , in 513 patients with aDPKD. 89 the patients followed-up in the later period had significantly lower blood pressure, longer renal survival and greater use of aCe inhibitors than those followed during the initial period. another study showed that the proportion of hypertensive patients with aDPKD who achieve blood pressure control of less than 140/90 mmHg has increased from 38% to 64% over a 15-year period. 90 education programs for patients with aDPKD and their primary-care physicians could have contributed to this improvement.
as performed in the studies by van Dijk and Zeltner, the comparison of an aCe inhibitor with a β-blocker, both of which inhibit the raas, might obscure the specific beneficial effects of aCe inhibition. on the other hand, a comparison of effects of using an aCe inhibitor (which inhibits the raas) and a diuretic (which stimulates the raas) to achieve blood pressure control could reveal a role of the raas apart from its effect on blood pressure. in a nonrandomized, prospective study in patients with aDPKD who had hypertension, 91 the annual loss of renal function during a mean follow-up period of 5 years was greater in patients who were receiving diuretics without any aCe inhibitors than in patients who were taking aCe inhibitors without any diuretics (5.3 ml/min/1.73 m 2 versus 2.7 ml/min/1.73 m 2 , P <0.05), despite similar blood pressure control. moreover, a signifi cant increase in urinary protein excretion occurred in the diuretic group but not in the aCe-inhibitor group. these observations suggest that the raas contributes to the progression of renal disease in aDPKD in a manner that is independent of its effect on blood pressure.
in a multicenter, prospective, randomized clinical trial, both urinary albumin excretion and the decrease in creatinine clearance were significantly lower after 3 years of follow-up in patients with aDPKD who received the angiotensin-receptor blocker candesartan than in those who received the calcium-channel blocker amlodipine. 92 these results were independent of blood pressure control.
Finally a meta-analysis of eight randomized trials that included 142 patients with aDPKD reported that regimens that included aCe inhibitors were more effective in lowering urinary protein excretion than were regimens without aCe inhibitors, and that this benefit was greatest in patients with high baseline levels of proteinuria. 93 However, the overall rate of kidney disease progression was not significantly slower with aCe inhibitors than with other agents.
Cardiovascular effects the early and effective treatment of hypertension is also important for the prevention of cardiovascular complications in aDPKD. antihypertensive treatment with an aCe inhibitor reversed lvH over a 7-year followup period, which decreased an important risk factor for cardiovascular death in patients with aDPKD. 94 a 7-year prospective, randomized study in 75 hypertensive patients with aDPKD and lvH compared the effects of rigorous and standard blood pressure control (<120/80 mmHg versus 135-140/85-90 mmHg) on lvH and renal function. 95 Both strategies decreased reviews lvH signifi cantly; however, rigorous blood pressure control was significantly more effective in decreasing lvmi than was standard blood pressure control. in addition, significantly more patients in the rigorous-control group (71%) than in the standard-group (44%) achieved normal lvmi. a subgroup analysis showed that patients who received the aCe inhibitor enalapril experienced a significantly greater decrease in lvH than patients who received the calcium-channel blocker amlodipine, despite similar blood pressure control. a blood pressure goal of less than 120/80 mmHg and the use of an aCe inhibitor is, therefore, recommended for patients with aDPKD who have hypertension and lvH.
optimal therapy the ongoing Halt PKD (Halt Progression of Polycystic Kidney Disease) study is designed to determine whether combined therapy with an aCe inhibitor (lisinopril) and an angiotensin-receptor blocker (telmisartan) is superior to an aCe inhibitor alone in delaying the progression of renal disease, independent of blood pressure control, in patients with aDPKD. 96 the Halt PKD study will also determine whether a low blood pressure target (95-110/65-75 mmHg) is superior to a standard blood pressure target (120-130/70-80 mmHg) in patients with preserved renal function.
until the results of this study are available, the optimal treatment of patients with aDPKD should include a blood pressure goal of 120/80 mmHg and the initiation of early raas inhibition if microalbuminuria or lvH is present 97 (Figure 2) . Furthermore, management of other cardiovascular risk factors, including smoking and dyslipidemia, is extremely important.
Conclusions
Cardiovascular abnormalities are common in patients with aDPKD. Hypertension is a frequent finding and is associated with compromised cardiovascular and renal outcome. lvH, aneurysms and cardiac valvular defects are other cardiovascular manifestations of aDPKD. early and effective treatment of hypertension, preferably with drugs that block the raas, is necessary to improve the cardiovascular and renal outcome of patients with aDPKD. the demonstration of vascular changes such as endothelial dysfunction and increased carotid intimamedia thickness even in young patients with normal blood pressure and well-preserved renal function suggests that atherosclerosis starts very early during the course of this disease. thus, aggressive control of other cardiovascular risk factors is also very important to improve the cardiovascular prognosis of affected patients.
